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Abstract

It has been established in a number of studies that the alkaline-denatured state of pepsin (the IP state) is
composed of a compact C-terminal lobe and a largely unstructured N-terminal lobe. In the present study, we
have investigated the residual structure in the IP state in more detail, using limited proteolysis to isolate and
characterize a tightly folded core region from this partially denatured pepsin. The isolated core region
corresponds to the 141 C-terminal residues of the pepsin molecule, which in the fully native state forms one
of the two lobes of the structure. A comparative study using NMR and CD spectroscopy has revealed,
however, that the N-terminal lobe contributes a substantial amount of additional residual structure to the IP

state of pepsin. CD spectra indicate in addition that significant nonnative �-helical structure is present in the
C-terminal lobe of the structure when the N-terminal lobe of pepsin is either unfolded or removed by
proteolysis. This study demonstrates that the structure of pepsin in the IP state is significantly more complex
than that of a fully folded C-terminal lobe connected to an unstructured N-terminal lobe.
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Extensive structural studies have been carried out recently
on denatured and other nonnative states of proteins (Dill and
Shortle 1991; Kamatari et al. 1996, 1999; Smith et al. 1996;
Plaxco and Gross 1997; Prusiner et al. 1998; Dyson and
Wright 2001; Khurana et al. 2001; Zurdo et al. 2001). These
investigators were largely motivated by a desire to probe the
mechanisms of protein folding and aggregation or to under-
stand the physiological roles of nonnative structures An
important group of nonnative states of proteins includes

those of several zymogen-derived enzymes, which unfold
irreversibly and become trapped in partially denatured states
(Fruton 1960; Ikemura et al. 1987; Zhu et al. 1989; Baker et
al. 1993; Eder and Fersht 1995). Recently, the zymogen-
derived serine protease �LP was found to require its prose-
quence for folding; without the prosequence it is trapped in
a partially denatured state separated from the native state by
a very high kinetic barrier (Sohl et al. 1998). It has also been
found that mutations introduced into �LP can reduce the
free energy of the transition state of the protein and allow it
to fold rapidly in the absence of the prosequence (Derman
and Agard 2000). A partially structured denatured state has
also been identified and characterized for low-molecular-
weight urokinase-type plasminogen activator; this enzyme
under mildly denaturing conditions possesses native-like
structure only in the N-terminal lobe of its structure (Nowak
et al. 1994). There is, however, relatively little detailed in-
formation about the structures of the denatured states of
these and other zymogen-derived proteins. Defining the
structural characteristics of such proteins should give in-
sights not only into the functional properties of this very
important family of enzymes involved in proteolysis, but
also into the general factors defining protein structure, folding,
and activity (Eder and Fersht 1995; Cunningham et al. 1999).
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The gastric aspartic proteinase pepsin (porcine pepsin,
molecular weight � 34,623) is a zymogen-derived protein
that has been the subject of extensive study (Chen et al.
1992; Richter et al. 1998; Fruton 2002). X-ray diffraction
analysis shows that the substrate-binding cleft is located
between two homologous portions of the structure, the N-
terminal lobe (residues 1–172) and the C-terminal lobe
(residues 173–327) (Fig. 1B and Cooper et al. 1990; Si-
elecki et al. 1990). Pepsin undergoes a conformational tran-
sition from the native (at acidic pH) to the denatured (at
alkaline pH) state in a narrow pH range (between 6 and 7).
This alkaline denaturation process appears to be almost
completely irreversible (Fruton 1960; Lin et al. 1993), al-
though the unfolding of the zymogen pepsinogen is revers-
ible under carefully controlled conditions (Ahmad and Mc-
Phie 1978a). Recently, refolding of an immobilized form of
the denatured pepsin was achieved without the prosequence
(Kurimoto et al. 2001), but its refolding mechanism is still
unsolved. Structural knowledge of the alkaline-denatured
state of pepsin (designated “the IP state” for convenience) is

essential not only for understanding the folding behavior of
pepsin, but also for elucidating the mechanisms that govern
the observed strong interaction of the IP state of pepsin with
species such as molecular chaperones (Aoki et al. 1997) or
amyloid fibrils (Konno 2001).

Privalov et al. (1981) isolated the C-terminal lobe using
limited proteolytic digestion of native pepsin and showed
that the C-terminal lobe has higher stability than does the
N-terminal lobe in the native state. Lin et al. (1993) dem-
onstrated regeneration of the enzymatic activity of alkaline-
inactivated pepsin by addition of the recombinant N-termi-
nal lobe but not by addition of the C-terminal lobe. Both
lines of evidence indicate that the C-terminal lobe has
higher stability than does the N-terminal lobe and that the IP

state has a folded C-terminal lobe and a largely unstructured
N-terminal lobe. A theoretical calculation by Lin et al.
(1993) and a recent mutational experiment by Tanaka and
Yada (2001) have resulted in a similar conclusion. How-
ever, in a previous study, we demonstrated that a histidine
residue located in the N-terminal lobe of the pepsin mol-
ecule is located near the folded region of the IP molecule.
This observation indicates that there is a significant contri-
bution by residues in the N-terminal lobe to the residual
structure of the IP state and that the structure of pepsin in the
IP state could be more complex than that of a natively folded
C-terminal lobe connected to an unstructured N-terminal
lobe. In order to obtain more detailed structural information
on the IP state of pepsin, we have carried out experiments
designed to isolate the folded core of the molecule by pu-
rifying the material obtained from limited proteolysis of the
alkaline-denatured protein. We have characterized the struc-
ture of this folded core spectroscopically, and we compare
it with that of the full-length IP state of pepsin.

Results

Proteolysis and isolation of the C fragment

Because a polypeptide chain buried within a folded protein
core is generally resistant to attack by a proteinase, limited
proteolysis has often been a successful method for identi-
fying tightly folded regions of proteins (Fontana et al. 1997;
Tanaka et al. 2000). We employed this method using �-chy-
motrypsin to isolate the folded part of pepsin in the alkaline-
denatured (IP) state. Our purpose is to study the structure of
pepsin in the denatured state rather than in the folded form,
in contrast to the proteolytic experiment described by Pri-
valov et al. (1981), in which diazoacetyl-inhibited pepsin
was digested in its natively folded state.

Complete digestion of pepsin by �-chymotrypsin, which
mainly cleaves peptide bonds adjacent to aromatic amino
acids and large hydrophobic side chain residues (Tyr, Trp,
Phe, Met, and Leu, not before Pro), is expected to give 63
fragments, each with a molecular mass of <2.3 kD. All

Figure 1. (A) Amino acid sequence of pepsin. All potential cleavage sites
digested by �-chymotrypsin are shown in bold. The cleavage site to pro-
duce the C fragment is shown by an arrow. (B) Main-chain trace of native
pepsin (structure 4pep) showing the N-terminal lobe of the protein (resi-
dues 1–172) in light gray, the C-terminal lobe (residues 173–326) in dark
gray, and His53 in black. The cleavage site to produce the C fragment is
shown by an arrow. This figure was generated with MOLSCRIPT (Kraulis
1991).
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potential cleavage sites are shown in Figure 1A. Digestion
of the IP state of pepsin for 1–2 h under our experimental
conditions by �-chymotrypsin, however, resulted in the
transient accumulation of a fragment with a molecular mass
of ∼14 kD (Fig 2). This result indicates that this fragment
represents a relatively stable region of the pepsin structure
in the IP state. Mass spectroscopic and N-terminal sequenc-
ing analyses of the fragment revealed that its mass is
15,895 ± 5 Da and its N-terminal amino acid sequence is
TGSLNWVPVS; this information shows that the fragment
corresponds to residues 176–327 of the protein, represent-
ing the C-terminal lobe of the overall structure (and hence-
forth is designated the “C fragment”). Note that the se-
quence “TGSLNWVPVS“ is unique in the pepsin sequence
and that the expected molecular mass of a fragment corre-
sponding to residues 176–327 of the protein is 15,901.67
Da. Residue 175 is Tyr, so the peptide bond between resi-
dues 175 and 176 is susceptible to digestion by �-chymo-
trypsin. This cleavage site is shown by an arrow on the
pepsin amino acid sequence (Fig. 1A) and structure (Fig.
1B). It is also worth noting that there are 23 potential sites
for chymotrypsin digestion within this C fragment, imply-
ing protection conferred by a stably folded structure.

Comparative spectroscopic analysis

Figure 3 shows a 1H NMR spectrum of the C fragment at
pH 8.0 in comparison with spectra of the full-length protein
in the IP state at pH 8.0, the native state at pH 5.6, and the
urea-denatured state at pH 8.1. The upfield-shifted signals
between −0.8 and 0.6 ppm in the C fragment spectrum are
clear evidence for the presence of a tightly folded structure
typical of that of a native protein (Fig. 3B). Peaks repre-
senting a highly denatured polypeptide conformation (for
example, those at 0.9 ppm attributable to the signals of

methyl groups) are not evident in the spectrum of the frag-
ment, indicating that it is essentially completely folded (Fig.
3B). Molten globule-like compact denatured states that are
loosely packed show NMR signals significantly broader
(Baum et al. 1989; Kamatari et al. 1996, 1999) than those
observed for the C fragment or the IP state. This result
demonstrates that �-chymotrypsin digestion has effectively
removed the flexible part of the N-terminal lobe of the IP

state that gives rise to intense signals characteristic of a
denatured polypeptide chain. Most of the resonances of the
C fragment in the upfield region of the spectrum appear to
be in similar positions to those found in the IP state of pepsin
(Fig. 3B,C). In particular, a single well-resolved resonance
at −0.6 ppm is evident in both spectra, as are clusters of
signals at −0.2 ppm and +0.2 ppm. Some differences be-
tween the two spectra can, however, also be observed (Fig.
3B,C). As well as differences in the detailed structure of the
two clusters of resonances discussed earlier, a well-resolved
resonance at −0.5ppm is present in the spectrum of the
C-fragment but not the IP state. Although specific assign-
ments cannot be made at this stage, these differences be-
tween the NMR spectra of the IP state and C fragment are
clear evidence of contributions of the N-terminal lobe,
which is lacking in the C fragment, to the residual structure
specific to the IP state.

Figure 2. Limited proteolysis of pepsin with �-chymotrypsin monitored
by SDS-PAGE; see the text for digestion conditions. Lanes 1 and 9 show
undigested pepsin and the purified C fragment, respectively. The digestion
periods were 5 min (lane 2), 10 min (lane 3), 34 min (lane 4), 1 h (lane 5),
2 h (lane 6), 4 h (lane 7), and 8 h (lane 8).

Figure 3. 750 MHz 1H NMR spectra of the native state of pepsin at pH 5.6
in H2O (A), the C fragment at pH 8.0 (B), the IP state at pH 8.0 (C), and
the urea-denatured state in 4 M urea at pH 8.1 (D). The signals labeled with
an asterisk and an “x” are those of the reference molecule DSS and an
impurity, respectively.
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In addition, the similarity between the tertiary structure of
the IP state and the C fragment is further strongly supported
by the appearance of the near-UV CD spectra of the two
species (Fig. 4A). The far-UV CD spectrum of the C frag-
ment has a shape typical of a folded protein with a large
amount of secondary structure (Fig. 4B). Unlike the spec-
trum of the IP state, there is little evidence for substantial
unstructured regions that are characterized by strong nega-
tive ellipticity at ∼204–205 nm. The spectrum of the C
fragment is not, however, identical to that of pepsin in its
native state. The spectrum of the latter has a single mini-
mum at ∼210–215 nm, and the shape of the spectrum is
typical of that for a very highly �-sheet-rich protein (Fig.
4B, thick broken line). The spectrum of the C fragment, on
the other hand, has two rather broad negative peaks centered
at ∼207 and ∼220 nm. The appearance of these peaks, par-
ticularly the latter, is suggestive of significant �-helical con-
tent (Fig. 4B, thick solid line).

Numerical estimation of the secondary-structure content
from the CD spectra using three widely used programs
(CONTINLL, SELCOM3, and CDSSTR [Sreerama and
Woody 2000]; see also the legend to Table 1) was per-

formed to further investigate this general conclusion. Theo-
retical far-UV CD spectra of pepsin reconstructed from sec-
ondary structure estimates give good fits to the experimental
spectra (Fig. 5), indicating that the prediction programs
work well in the present case. The average ratio of the
�-helical to the �-sheet content (R�/�) from this analysis for
the native state of pepsin (0.33 ± 0.06) is very close to that
found in the crystal structure of pepsin (R�/� � 0.36; cal-
culated using the DSSP program [Kasch and Sander 1983]
and five pepsin coordinates [Cooper et al. 1990]). The R�/�

value calculated for pepsinogen using its spectrum at pH 8.0
(R�/� � 0.57 ± 0.05) also shows good agreement with the
value from the crystal structure (R�/� � 0.51; calculated
using three pepsinogen coordinates). These calculations
also support the reliability of the numerical analysis. Analy-
sis of the CD spectra demonstrates that the R�/� value for
the C fragment is higher than that of the native state by a
factor of 2.3 (Table 1). Because the secondary structure
content calculated from the crystallographic structure of
pepsin is almost identical for each lobe of the molecule
(R�/� � 0.36 in each case), the higher helical conformation
observed in the C fragment is suggestive of the presence of
nonnative helical structure in the C-terminal lobe of the
molecule after the removal of the N-terminal lobe. A
slightly larger R�/� value than that characteristic of the na-
tive state of pepsin was also found for the IP state of pepsin
(R�/� � 0.44 ± 0.05; Table 1). The secondary structural
analysis therefore indicates that either partial unfolding, or
the removal of the N-terminal lobe by proteolysis, results in
the conversion of part of the native conformation of the
C-terminal lobe of pepsin to one containing a degree of
nonnative �-helical structure.

Thermal denaturation of the C fragment
and the IP state

The thermal stability of the C fragment was measured using
CD spectroscopy and compared with that of the IP state of
pepsin under the same solution conditions (Fig. 6). The heat
denaturation curves of the C fragment monitored by ellip-
ticity at 220 nm and 272 nm are identical to those of the IP

state at temperatures above 25°C (Fig. 6A,B; see figure
legend for the data normalization method). These data in-
dicate that the unfolding of the structure of the C-terminal
lobe of pepsin under these conditions is highly cooperative,
involving the concomitant loss of both secondary and ter-
tiary structure. The midpoint of the denaturation is
52.4 ± 1.3°C. The heat denaturation curves monitored by
the anisotropy (r; Perrin 1926) of tryptophan fluorescence
also indicate that denaturation takes place over a similar
temperature range for both protein species (Fig. 6C). The
cooperative increase in 1/r at 50°C–60°C probably origi-
nates from an increase in the local mobility of the three
tryptophan residues in the C-terminal lobe of pepsin when
this part of the structure unfolds at 52.0 ± 0.5°C. Smaller

Figure 4. Near-UV (A) and far-UV (B) CD spectra of the C fragment
(thick solid line), the IP state (pH 8.0; thin solid line), and the native state
(pH 6.5; thick broken line) of pepsin. The unit of ellipticity is per protein
concentration for A and per residue for B.
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but significant changes in 1/r values for the IP state of
pepsin relative to those found for the C fragment at tem-
peratures below 40°C can be attributed to contributions to
the signal from the two tryptophan residues in the relatively
disordered N-terminal lobe of the IP state.

The results presented in Figure 6 therefore indicate that
the stability of the C fragment is closely similar to that of
the structured region of the IP state. This finding is consis-
tent with the conclusion that the folded structure of the IP

state corresponds primarily to that of the C-terminal lobe of
intact pepsin (Fig. 1B). At temperatures below ca. 25°C,
however, the temperature-dependent curve of [�]220 for the
C fragment is very different from that of the IP state of
pepsin. The ellipticity value for the IP state decreases sub-
stantially in magnitude on lowering the temperature below
20°C, whereas the value for the C fragment is unchanged as
the temperature is reduced (Fig. 6A). Comparison of the
far-UV CD spectra at 0°C with those at 25°C also shows a
clear decrease in the magnitude of the ellipticity at 220 nm
and loss of secondary structure with decreasing temperature,
but only for the full-length IP state (Fig. 7). This type of
behavior for IP at lower temperature can also be seen to a

lesser extent in the curves for [�]272 (Fig. 6B). These ob-
servations indicate that the N-terminal lobe of pepsin in the
IP state has some degree of nonrandom structure that expe-
riences cold denaturation, and may also indicate the impor-
tance of hydrophobic interactions in this region. These re-
sults indicate that the N-terminal lobe, which is lacking in
the C fragment, nonetheless contributes significantly to the
residual structure of the IP state.

Discussion

The folded structure of the IP state corresponds
primarily to the C-terminal lobe

The application of limited proteolysis to investigate the al-
kaline-denatured state of pepsin resulted in the isolation of
a tightly folded fragment of this IP state, a result that
strongly supports our previous biophysical studies that in-
dicated the IP state has a structure consisting of both fully
folded and highly denatured regions (Konno et al. 2000).
The proteolytic experiment reveals definitively that the
tightly folded fragment corresponds to the C-terminal lobe

Table 1. Secondary structure content of pepsin and the C fragment estimated from the CD spectra

�-Helix �-Sheet Turn Random R�/�
a

Native pepsin, (pH 5.6, 25°C) 11.3 ± 2.6 33.9 ± 2.7 23.2 ± 1.1 32.3 ± 2.6 0.33 ± 0.06
IP state (pH 8.0, 25°C) 9.6 ± 1.9 21.9 ± 2.0 18.6 ± 2.1 50.6 ± 3.4 0.44 ± 0.05
C fragment (pH 8.0, 25°C) 19.0 ± 0.8 24.8 ± 1.2 20.5 ± 1.2 35.5 ± 3.0 0.77 ± 0.05
Pepsinogen (pH 8.0, 25°C) 16.5 ± 0.5 29.4 ± 2.7 21.5 ± 0.4 32.7 ± 2.1 0.57 ± 0.05

Each value is the average of six independent calculations, based on the CONTINLL, SELCOM3, and CDSSTR programs and two
reference data sets supplied with the CDpro package (Sreerama and Woody 2000). Two independent runs for each of the three
programs were performed using the two different database sets. Thus, six independent predictions were averaged to obtain the values
in this table. The error values are those obtained in this averaging process. The spectral data used in this analysis ranged in wavelength
from 187 to 240 nm.
a R�/� � (�-helical content)/(�-sheet content).

Figure 5. Reconstituted far-UV CD spectra of the native state (A), the C fragment (B), and the IP state (C) of pepsin. Solid lines are
experimental spectra. Open circles represent spectra reconstituted from the secondary structure predictions generated using the
programs CONTINLL, SELCOM3, and CDSSTR. Two independent runs for each of the three programs were performed using two
different database sets. Thus, six independent predictions were averaged to obtain the reconstituted spectra in this figure.
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of pepsin. This finding, together with the similarity of the
thermal denaturation curve above 25°C for the IP state and
the C fragment monitored by far- and near-UV CD and
fluorescence spectroscopy (Fig. 6), indicates that the folded
cooperative core of the IP state corresponds primarily to that
of the C-terminal lobe of intact pepsin. These results con-
firm the previous suggestion by Lin et al. (1993) and also
agree with the conclusion that the C-terminal lobe of pepsin
is more stable against heat or proteolytic digestion than is
the N-terminal lobe in the native state (Privalov et al. 1981).

Contributions of the N-terminal part to the residual
structures of the IP state and nonnative structures
in the IP state

Although the folded structure of the IP state corresponds
primarily to the C-terminal lobe as shown earlier, evidence

from the experiments described in this and our previous
paper indicate that the structure in the IP state does not
correspond simply to the structure of the C-terminal lobe of
the native protein in all its features. The differences in the
ellipticity change at low temperatures (<25°C) between the
C fragment and the IP state of pepsin indicate a degree of
nonrandom conformation in the N-terminal lobe of the IP

state (Figs. 6A, 7). Moreover, the NMR spectra show sig-
nificant differences between the tertiary structure of the C
fragment and the residual structure present in the IP state
(Fig. 3). There is also evidence from our previous work that
additional residual structure exists within the N-terminal
lobe, including residues in the vicinity of His53 (Konno et
al. 2000).

There is also some evidence that the residual structure in
the IP state and in the C fragment contains structure not
present in the native state. Analysis of the far-UV CD spec-
tra indicates that the IP state and the C fragment have a
larger �-helical and a smaller �-sheet content than that ob-
served in the native state of pepsin (Fig. 4B and Table 1).
Moreover, our previous NMR study demonstrating involve-
ment of the residues in the vicinity of His53 in the residual
structure of the IP state is also further evidence for nonnative
structure because His53 is far from the C-terminal lobe

Figure 7. Far-UV CD spectra of the IP state (A) and the C fragment (B) of
pepsin at pH 8.0. The temperature of the protein solutions is 0°C (thick
broken lines), 25°C (thick solid lines), or 70°C (thin solid lines).

Figure 6. Thermal denaturation curves of the C fragment (filled circles)
and the IP state (open circles) of pepsin monitored by [�]220nm (A), [�]272nm

(B), and 1/r of tryptophan fluorescence (C). The ellipticity in A and B was
normalized to the maximum ellipticity change in the temperature range
shown in the figures.
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(Konno et al. 2000). One possibility is that some of the
�-sheet structure localized at the interface between the N-
and C-terminal lobes of folded pepsin (Cooper et al. 1990;
Sielecki et al. 1990) is disrupted by the removal or unfolding
of the N-terminal lobe and replaced by �-helical structure.

Our study therefore indicates a relatively complex struc-
ture of the IP state of pepsin. It contains the tightly folded
C-terminal lobe with a substantial amount of nonnative sec-
ondary and tertiary structures, and additional contributions
to the residual structure of the IP state from the N-terminal
lobe.

Implications for the folding mechanisms of pepsin

It is interesting to speculate that the observed nonnative
characteristics of the structure of pepsin in the IP state could
play a role in the folding of pepsin or its precursor pepsino-
gen. As formation of the interfacial �-sheet structure be-
tween the two structural lobes is likely to be a crucial step
for the proper folding of the protein, it is possible that such
structure can only be achieved efficiently when the N-ter-
minal lobe folds in the presence of the prosequence. Alter-
natively, the nonnative structural elements in the partially
folded IP state of pepsin at pH 8.0 could stabilize this struc-
ture relative to the native state; in other words, “misfolding”
in this state could inhibit the proper refolding of the protein
when returned to conditions that stabilize the native state.
Whether or not such speculation is correct, the present study
indicates that further investigation of the partly folded states
is likely to be of substantial importance in understanding the
nature of their folding of zymogen-derived proteins and the
manner in which their activity is controlled and regulated.

Materials and methods

Materials

Porcine pepsin and TLCK-treated �-chymotrypsin of the highest
grade of purity were purchased from Sigma. Pepsin was purified
using an S-200 gel chromatography column (Pharmacia) equili-
brated with the buffer required for the subsequent experiments.
�-Chymotrypsin was used without further purification. Other
chemicals were of reagent grade and purchased from Nacalai
Tesque. The concentration of pepsin was determined using the
extinction coefficient �278 � 5.10 × 104 cm−1 mol−1 (Ahmad and
McPhie 1978b).

Isolation and identification of the C fragment

Solutions of pepsin and �-chymotrypsin were prepared by dissolv-
ing the lyophilized samples in 20 mM sodium phosphate buffer
(pH 8.2); the protein concentrations were 10 mg/mL (pepsin) and
2 mg/mL (�-chymotrypsin). The proteolytic reaction was initiated
by mixing 5 �L of the �-chymotrypsin solution with 1 mL of the
pepsin solution at 25°C (enzyme:substrate ratio of 1:730), and
monitored by the SDS-PAGE method (Laemmli 1970). A frag-

ment designated the “C fragment” was chromatographically puri-
fied from pepsin solutions after digestion for between 1 and 2 h.
The sample was passed through a BioCAD HPLC system installed
with an anion-exchange column using POROS HQ/M resin from
PerSeptive Biosystems in 50 mM Tris (pH 8.0) and a salt gradient
from 0 to 1 M NaCl. The chromatogram was monitored by ab-
sorption at 280 nm, and the main protein-containing peak was
collected. The purity of the fragment was then checked by SDS-
PAGE analysis, which indicated the content of impurities was
<5% (Fig. 2, lane 9). N-terminal protein sequencing was carried
out by automatic Edman degradation using an Applied Biosystems
494A Procise protein sequencer (Applied Biosystems) in the Pro-
tein Sequencing Service of the Oxford Centre for Molecular Sci-
ences (MRC, Immunochemistry Unit, University of Oxford). The
molecular mass of the fragment was determined by nanoflow elec-
trospray mass spectrometry using a Q-ToF mass spectrometer (Mi-
cromass) operated in negative ion mode. The extinction coefficient
of the C fragment was determined by the Edelhoch’s method
(Edelhoch 1967; Gill and von Hipple 1989), which gave
�280 � 2.43 × 104 cm−1 mol−1.

Spectroscopic measurements

1H NMR measurements were performed at 25°C on a home-built
750 MHz NMR spectrometer belonging to the Oxford Centre for
Molecular Sciences. The concentration of pepsin for the NMR
measurements was 10 mg/mL, and the protein was dissolved in 20
mM sodium phosphate or glycine buffer prepared with 95% H2O/
5% D2O DSS was added as an internal chemical shift reference.
The sample pH was adjusted using NaOH or HCl. All the NMR
experiments were performed using the water-gate pulse sequence
(Piotto et al. 1992) for water suppression.

CD spectra were measured with a Jasco J-720 WI spectropolar-
imeter (JASCO), using quartz cells with pathlengths of 0.1 and 2
mm for the far- and near-UV CD measurements, respectively. The
protein concentration was maintained at 30 and 60 �M for the far-
and near-UV CD measurements, respectively. The temperature of
the solutions was controlled by a JASCO thermal controller. Fluo-
rescence anisotropy experiments were performed using an F2500
fluorimeter (Hitachi) equipped for the measurement of anisotro-
pies using a quartz cell with a light path of 10 mm. The tempera-
ture of the solutions was controlled by means of a thermostatically
controlled water bath. The excitation wavelength was 295 nm and
the bandwidths for excitation and emission light were both 5 nm.
The protein concentration in each case was maintained at 6 �M.
The anisotropy (r) at each temperature was taken as the average of
the values in the wavelength range of 340–380 nm. Solutions for
the CD and fluorescence measurements contained 20 mM MOPS
(pH 8.0). The sample pH was adjusted using NaOH or HCl.

Secondary-structure analysis of far-UV CD spectra

Secondary-structure estimation from the far-UV CD spectra was
performed using three popular programs: CONTINLL, SEL-
COM3, and CDSSTR. These are included in the CDPro package
(Sreerama and Woody 2000) available at http://lamar.colostate.
edu/∼sreeram/CDPro/. The spectral data used in this analysis
ranged in wavelength from 187 to 240 nm at 1-nm intervals. Two
different reference data sets supplied with the package were used
for the analysis. Each of the three programs was run using these
reference sets, and six independent estimates were obtained for
each experimental spectrum. The values in Table 1 are the aver-
ages and the standard errors of the six.
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